INTRODUCTION
The Basin and Range physiographic province of the North American Cordillera is a region defined by extensional tectonics (e.g., Menges and Pearthree, 1989; Dickinson, 1991 Dickinson, , 2004 . Rugged mountain ranges stand in stark relief adjacent to muted structural basins filled with sediment. In simplest terms, this topography resulted from uplift along normal faults that drove erosion of sediment from the uplands to be deposited into subsiding basins. These basins often remained internally drained for much of their tectonic development, such that their stratigraphy could preserve a nearly full history of upland response to tectonic forcing. The deep sedimentary deposits-often thousands of meters thick at the depocenter of the basinscan also host economic deposits such as copper, and they are fundamentally important to the groundwater resources of the water-stressed American Southwest. Additionally, there is active investigation into the potential for these basins to serve as reservoirs for carbon sequestration (Gootee, 2012) .
While the defining period of Basin and Range development is inarguably structural in nature, it remains unclear how these basins transition to post-tectonic landscape evolution. How quickly do upland erosion rates slow in response to waning subsidence? What is the current rate at which high-relief ranges are decaying? What are the respective roles of Quaternary climate and internal sedimentary system dynamics-e.g., drainage integration between adjacent basins, and subsequent incision and lateral migration of evolving axial systems-in terms of eroding mountain ranges and degrading basin-fill deposits? An understanding of these post-tectonic processes and their rates is of fundamental importance to quantifying how quickly tectonic signals may be overprinted or degraded once extensional tectonics have ceased, as well as exploring the lag time to slower erosion rates in the absence of active subsidence.
Here, we apply an integrated approach of field observations, topographic analyses, and terrestrial cosmogenic nuclide (TCN) analyses to interrogate the post-tectonic landscape evolution of a paired basin and range in southeastern Arizona. Cosmogenic nuclide abundances in sediment provide both geochronologic constraints and process rates for our study. We pre sent TCN-derived burial dates of late-stage sedimentary basin fill along the northern piedmont of the Pinaleño Mountains and burial dates for sediments deposited on a flight of terraces of the Gila River inset into basin fill along the northeast margin of Safford Basin (Fig. 1) . These dates not only constrain the timing of post-tectonic landscape evolution, but they also allow the quantification of regional incision rates. Burial dates also allow the quantification of paleo-erosion rates for the upland drainage basins that are the sources for the dated sediment. We compare these paleo-erosion rates to modern millennial-scale erosion rates derived from 10 Be abundances in fluvial sediment collected in drainage basins along both the north and the south margins of the Pinaleño Mountains. Drainage basins on the north side of the Pinaleño Mountains are all tributaries to the Gila River (a tributary to the Colorado River), while most of the basins on the south side drain into the still-closed Sulphur Springs Basin. This juxtaposition of base-level conditions allows the possibility of distinguishing the effects of regional drainage integration on upland erosion rates. Gilbert (1875) conducted the earliest surveys of the geology and resource potential for southeastern Arizona's Basin and Range physiographic province. Indeed, for a century after his work, his broad classification of late-stage basin fill as the Gila Conglomerate persisted in the literature (e.g., Heindl, 1958 Heindl, , 1962 . By the mid-twentieth century, geologists began to more fully consider the impacts of climate on the Quaternary development of the Basin and Range (Tuan, 1962; Melton, 1965) , relating the transitions between glacial and interglacial periods to late-stage piedmont deposition and incision. More recently, the modern topography of the Pinaleño Mountains was considered in the context of biogeochemical dynamics set up by the climate gradient that exists from the modern basin floor to the summit of Mount Graham (Pelletier et al., 2013) .
BACKGROUND

Geology
The Pinaleño Mountains are a gneissic metamorphic core complex exhumed during early stages of regional low-angle extensional tectonics during the middle-to-late Oligocene (Spencer and Reynolds, 1989) . The current physiography of Arizona's Basin and Range is predominantly the result of subsequent, highangle normal faulting associated with the Basin and Range Disturbance, which initiated at ca. 8-12 Ma (Scarborough and Peirce, 1978) and ceased within a poorly defined window ranging from 5 to 2 Ma, with some regional variation (Menges and Pearthree, 1989) . Safford Basin, immediately to the northeast of the Pinaleño Mountains, is divided into two structural subbasins, Bear Springs Subbasin to the north and 111 Ranch Subbasin to the east, based on Bouguer gravity anomalies (Wynn, 1981; Houser et al., 2002) . Safford Basin is a half graben with maximum subsidence occurring along a basinbounding fault system on the north side of the Pinaleño Mountains (Thorman, 1981; Houser and Pearthree, 2002) . At its deepest, the basin is filled with up to 4600 m of sedimentary basin fill (Kruger, 1991; Houser and Pearthree, 2002) . The sedimentary basin fill is divided into upper and lower stratigraphic units. The purely syntectonic Midnight Canyon Conglomerate began deposition at 17 Ma, and its upper bound is at ca. 10 Ma (Richter et al., 1983; Houser et al., 1985) . The upper basin fill is divided into two subunits in accordance with the subbasin that contains the sediment, the 111 Ranch Formation and the Bear Springs formation. Both formations are inferred to be Pliocene based on the biostratigraphy of deposits at 111 Ranch ( Galusha et al., 1984) .
The very latest stage of basin fill is exposed throughout Safford Basin, but perhaps most spectacularly at Frye Mesa on the northeast side of the Pinaleño Mountains. No numerical or relative dates for this fill existed prior to our study, but the sediment was roughly correlated with the Gardner Canyon Alloformation of Sonoita Creek Basin (sensu stricto; Morrison, 1985) , with an approximate age of 2-1 Ma (Menges and McFadden, 1981) for the final stages of basin-fill deposition within Safford Basin prior to regional drainage integration of the Gila River. Regional extensional tectonics are inactive in southeastern Arizona, but there is evidence for mid-to-late Pleistocene surface-rupturing earthquakes along fault systems roughly parallel to the topographic front of the northeast Pinaleño Mountains (Pearthree, 1986) . Displacement along these faults is not more than several meters, while incision of the Gila River system within Safford Basin is over 100 m, underscoring the importance of base-level fall and climate variations, rather than faulting, in driving basin-fill dissection and erosion of this fill during the post-tectonic landscape evolution of this basin (Houser and Pearthree, 2002) .
Climate
The Pinaleño Mountains are characterized as an ecological "sky island," at the northern extent of the Madrean "archipelago," due to the isolated ecosystems that developed at high elevations because of the stark contrast in temperatures and annual precipitation from the surrounding Sonoran Desert (Warshall, 1995) . Total relief of nearly 2500 m produces a steep gradient in mean annual temperature (MAT) and mean annual precipitation (MAP) as a function of increasing elevation from basin floor to the summit of the range. MAT ranges from 5 °C to 18 °C from the highest elevations to the valley floor, respectively. Mitchell and Ober (2013) reported a lapse rate for average maximum temperatures in southeastern Arizona of -7.6 °C/km of elevation gain. Importantly, this difference of greater than 10 °C in average temperature occurs across a horizontal distance of only 10-15 km between the Safford Basin and the upper elevations of the Pinaleño Mountains. MAP also differs dramatically between the valley floor and upper elevations, increasing from 0.25 m/yr to 1.1 m/yr. These gradients of temperature and precipitation set up a succession of ecosystems from the Sonoran-Chihuahuan Desert at lowest elevations, grading into scrub and grassland, then oak and pine, then conifer, and finally spruce and fir at the highest elevations (Halvorsen et al., 2001; Mitchell and Ober, 2013) . In the Pinaleño Mountains, endemic species such as the Mount Graham squirrel inhabit only the highest elevations, having potentially evolved in isolation since the last time that the regional climate was cool and wet enough to allow dispersal of populations across basin floors between sky islands (Mitchell and Ober, 2013) . The most recent period of significantly cooler and wetter climate conditions for the Pinaleño Mountains is believed to be during the Younger Dryas at ca. 12.7-11.5 ka (Pigati et al., 2009) .
The paleoclimate record for southeastern Arizona is best known for the late Pleistocene through the Holocene (e.g., Martin, 1963; Waters, 1989; Van Devender, 1990; Zhu et al., 1998; Allen, 2005; Holmgren et al., 2006; Pigati et al., 2009; Wagner et al., 2010; Mitchell and Ober, 2013) , but some coarser-resolution records do exist into the early Pliocene (Smith et al., 1993; Smith, 1994) . Soil carbonates from the St. David Formation of the Upper San Pedro Basin, ~120 km to the southwest of Safford Basin and the Pinaleño Mountains, yield a paleoclimate record of precipitation from ca. 0.5 to 4.0 Ma (Smith et al., 1993; Smith, 1994) . The precipitation record inferred from stable 18 O in paleosol carbonates at St. David suggests a higher total annual precipitation, with a higher proportion of that moisture arriving in the winter months from ca. 3.5 to 2.0 Ma. With the transition into the Pleistocene, total precipitation decreased, as did the proportion of winter precipitation, suggesting increasing aridity and an increased importance of the North American Summer Monsoon (NASM; Smith, 1994) . Paleoclimate records for the Quaternary come from a number of proxies, including packrat middens, lake cores, lake highstands, and speleothems (Martin, 1963; Waters, 1989; Van Devender, 1990; Zhu et al., 1998; Allen, 2005; Holmgren et al., 2006; Pigati et al., 2009; Wagner et al., 2010; Mitchell and Ober, 2013) . In summary, it was cooler and wetter than today from 115 to 110 ka, but the coolest and wettest conditions occurred during the Last Glacial Maximum (LGM) at 24-21 ka (Menking et al., 2004; Allen, 2005; Mitchell and Ober, 2013) .
A speleothem record from the Cave of the Bells in Arizona suggests highly variable moisture availability for the southwestern United States throughout the late Pleistocene, likely a result of variable sea-surface temperatures of both the Pacific Ocean and Atlantic Ocean (Wagner et al., 2010) . This moisture variability is perhaps also reflected in a series of highstands from 18 to 10 ka for pluvial Lake Cochise, centered near modern-day Willcox Playa (Waters, 1989) . Willcox Playa is 65 km south of Safford Basin, and it is the modern-day base level for Sulphur Springs Basin and much of the south side of the Pinaleño Mountains. Sulphur Springs Basin is the most significant internally drained basin in southeastern Arizona that remains uninte grated with the Gila River. The likely effect of cooler and wetter climates in the Pinaleño Mountains is a shift of the modern ecosystem boundaries to lower elevations, greater annual precipitation, and perhaps enhanced physical weathering due to frost-cracking at upper elevations and potentially even periglacial processes at the highest elevations (Melton, 1965) . We address the geomorphic implications for these periods of enhanced cooling and moisture in the following sections.
Geomorphology
The range-scale relief of nearly 2500 m from the modern Gila River near Safford, Arizona, to the summit of Mount Graham is a product primarily of Basin and Range tectonics. However, ~500 m of relief at the lower elevations, e.g., between Frye Mesa and the modern Gila River, developed more recently by incision of the Gila River following downstream drainage integration of the Gila with the Lower San Pedro Basin. It is important to note that while incision on the north side of the Pinaleño Mountains produced 20% of the total relief, the south side of the range drains primarily to the internally drained Sulphur Springs Basin, and the total relief is accordingly 500-600 m less. Only a small fraction of the drainage basins on the west side of the range drain into Aravaipa Creek Basin, a tributary of the San Pedro River, which flows into the Gila River just 19 km downstream from the Aravaipa Creek confluence ( Fig. 2 ; see GSA Data Repository Item for color version of Fig. 2   1 ). The relief structure of the Pinaleño Mountains has the added complexity of a lower-relief patch of the landscape above elevations of ~2700 m. Upper elevations are characterized by gentler hillslopes of only 10°-15°; below elevations of 2700 m, hillslopes steepen to threshold angles (~35°) where soil is present, but there are abundant rocky patches and steeper cliffs. The upper low-relief landscape is predominantly soil-mantled; however, there is a small area of steeper terrain at high elevations within the headwaters of Grant Creek. This patch of the landscape roughly corresponds with the mapped extent of a gneiss body with a slightly different composition than the surrounding lithology. The steep hillslopes within the upper Grant Creek basin extend beyond the mapped extent of the isolated unit, so lithology alone may not explain this variation of morphology. The transition from low relief and low hillslope angles at higher elevations to the rocky, steep landscape below ~2700 m is reflected in the longitudinal profiles of channels draining both the north and south sides of the Pinaleño Mountains (Fig. 2) . At lower elevations, just upstream of the range (Youberg et al., 2008) . In tectonically active landscapes, abrupt transitions between low-relief and high-relief landscapes used in concert with nonequilibrium stream profiles may be evidence for a transient stage of landscape response to changes in uplift (e.g., Wobus et al., 2006; DiBiase et al., 2010) . In such a setting, with climate held relatively constant, an acceleration in uplift will force streams to steepen until a new equilibrium between uplift and erosion is achieved. During this transient readjustment, a propagating wave of incision sweeps up system, and hillslopes steepen as upland erosion rates increase in response to incision. Portions of the landscape that have not yet been affected by the propagating incision are characterized by less steep channels and gentler hillslope angles, which reflect a slower, relict erosion rate. It is possible that the upper elevations of the Pinaleño Mountains represent such a relict landscape, and this possibility is one of the motivating questions for our study.
In contrast, recent work focusing on the eco-pedo-geomorphology of the Pinaleño Mountains by Pelletier et al. (2013) emphasized the potential that this transition from steep to gentle slopes as a function of elevation is driven by temperature and precipitation gradients rather than transient response to tectonics. Cooler temperatures and enhanced precipitation at higher elevations are inferred to promote the feedbacks between vegetation and soil development, which in turn produce and maintain a low-relief landscape with soil-mantled hillslopes. Patchy soils and rocky slopes at lower elevations are attributed to less suitable conditions for vege tation to take hold and modify the landscape.
Relict landscapes notwithstanding, the feedbacks between climate and surface processes in the uplands of the Pinaleño Mountains are undeniably important, especially for the post-tectonic landscape evolution of the range. Some of the earliest work relating alluvial fans to paleoclimate in the American Southwest used Frye Mesa on the north side of the Pinaleño Mountains as a key example of landscape response to glacial-interglacial cycles (Melton, 1965) . Melton hypothesized that most of the mass of Frye Mesa was deposited during a cooler, wetter Illinoian glacial period, ca. 190-130 ka, and that the deep, red soil on the deposit's surface developed during a subsequent interglacial. He envisaged that the final lobe of very coarse, boulderfilled alluvium deposited near the fan's proximal end was the product of renewed upland erosion during the Wisconsinan glacial due to enhanced frost-wedging at high elevations under a cooler climate. Houser and Pearthree (2002) agreed with Melton's correlation of the finest-grained material at the base of Frye Mesa with late Pliocene basin fill, but they suggested that the majority of the basin-fill sediment now exposed as Frye Mesa was deposited in a period of waning or absent tectonics, and any variations in grain size within the deposit were due to climate change at the Pliocene-Pleistocene boundary. Our study's TCN burial dates constrain the timing of late-stage deposition into Safford Basin (in the form of Frye Mesa) and provide a comparison for paleo-erosion rates during that time to modern, millennial-scale erosion rates.
METHODS
Topographic Analyses
We employed a suite of digital terrain analyses to derive topographic metrics that divide the Pinaleño Mountains and Safford Basin into a series of geomorphic process domains. When paired with TCN-derived erosion rates, these topographic analyses allowed us to investigate the relationship between topography and erosion rates. Using a 10 m digital elevation model (DEM), we quantified mean basin slope and catchment-mean local relief (using a search window with a 1.5 km radius), and catchmentmean normalized channel steepness (Fig. 2) .
We calculated hillslope angles for each pixel in our DEM, and then we calculated a mean basin slope for each catchment, defined simply as the average of all hillslope angles within a drainage basin. Low-slope valley fill in some drainage basins of interest may bias calculations of catchment mean slope. If present, fill was therefore excluded from such calculations.
Previous work shows that the scale used to calculate local relief is fundamentally important to quantifying topographic form (e.g., DiBiase et al., 2010) . We found that local relief calculated within a window with a 3 km diameter best captured the range-scale relief structure (Fig. 2) .
In general, local relief shows a transition to lower relief for drainage basins at the northwest and southeast tips of the range, e.g., Tripp Canyon, Marijilda Canyon, and Jacobson Canyon.
Local relief calculated over smaller windows failed to capture the transition to lower relief at the range's northwest and southeast tips, and larger windows failed to define the low-relief patch of the landscape at higher elevations. Essentially, we used our observations, especially of the patch of low slope above 2700 m, to tune the size of the window over which we calculated local relief.
Longitudinal profiles of rivers record the extent to which a landscape is adjusted to external forcings such as tectonics and climate, potentially modulated by rock strength. The normalized channel steepness index, k sn , is useful as a topographic metric when considering landscape response to incision rates on channels that have driven hillslopes to threshold angles (Wobus et al., 2006; Ouimet et al., 2009; DiBiase et al., 2010) . Using a reference concavity of 0.45 and minimum drainage area of 5 km 2 , we extracted k sn values for every 500 m stream segment in the Pinaleño Mountains. Mean channel steepness for drainage basins is defined as the average of all the channel steepness values within a basin.
Cosmogenic Nuclides
Cosmogenic nuclide abundances in rock and sediment record the near-surface residence time of those Earth materials (Fig. 3) . When cosmic rays hit Earth's atmosphere, a cascade of secondary particles is produced, some of which reach Earth's surface. Most of these particles are then quickly stopped by the mass of soil and rock within the first 1-3 m of the surface (Gosse and Phillips, 2001 ). The accumulation of cosmogenic nuclides in rock or sediment as a function of depth and duration of exposure is expressed as:
where N is TCN concentration [atoms g ], L is production rate attenuation length [g cm -2 ], and r is rock or sediment density [g cm -3 ]. This formulation is commonly used to determine apparent exposure ages and/or maximum surface erosion rates (e.g., Portenga and Bierman, 2011) . When determining surface exposure ages for alluvial deposits or boulders, an additional term must be included to account for inherited TCN abundances accumulated prior to deposition (e.g., Anderson et al., 1996) :
where N 0 is the inherited concentration of the cosmogenic nuclide [atoms g
, and other terms are as in Equation 1. We used Equation 2 when calculating apparent exposure ages of boulders deposited on top of Frye Mesa, and it also serves as the foundation for our calculations of both catchment-averaged erosion rates and burial dates for sedimentary basin fill. Note that any assumption of no inheritance, N 0 , leads to an older apparent exposure age, while imposing a nonzero erosion rate, e, leads to a younger apparent exposure age.
For an upland drainage basin that is steadily eroding, i.e., t λ + ρε Λ −1     , cosmogenic nuclide concentrations (N) in sediment eroded from the catchment may be expressed as (Lal, 1991) :
which, rearranging to solve for erosion rate, yields:
Equation 4 is commonly used to invert cosmogenic nuclide concentrations in detrital samples for upland erosion rates (e.g., Brown et al., 1995; Bierman and Steig, 1996; Granger et al., 1996) . fig. 8 ) showed, however, that in some cases (e.g., low-elevation, high-erosion-rate sites), erosion rates will be underestimated by a few percent to several tens of percent if only Equation 4 is used. This results from not taking into account subsurface nuclide production by muons (Heisinger et al., 2002a (Heisinger et al., , 2002b . TCN production begins within sediment or bedrock at a depth equivalent to the attenuation length for TCN production, Λ, divided by the bulk density of the bedrock or sediment, ρ; time of inception of TCN production is t 0 . The TCN production rate increases exponentially during sediment exhumation until a maximum production rate is achieved at Earth's surface, i.e., Λ/ρ = 0. TCN continues to accumulate as sediment is transported down the hillslope, t hs , through the drainage network, t dn , past the range front, t rf , and across alluvial fans or piedmonts, t af . After sediment is deposited on the piedmont surface, TCN concentration increases along surface exposure curves. If sediment is rapidly buried, TCN production ceases, and decay of radionuclides commences. By measuring the ratio of radionuclides like 10 Be and 26 Al, we can determine how long sediment has been buried based on a decay trajectory from some original TCN ratio defined by the ratio of TCN production rates and exposure/erosion history at Earth's surface.
We avoided this problem by determining an "effective elevation" for each drainage basin of interest, following the methods of Portenga and Bierman (2011) , and then calculating catchmentaveraged erosion rates using the CRONUS-Earth online calculator ; http:// hess .ess .washington .edu/), which implements Heisinger et al.'s (2002a Heisinger et al.'s ( , 2002b equations for muon-induced cosmogenic nuclide production. Essentially, calculating an "effective elevation" according to Portenga and Bierman (2011) provides an input elevation for CRONUS that will ensure that each drainage basin's cosmo genic nuclide production rates will be scaled consistently by the online calculator.
Cosmogenic nuclide abundances in sediment eroded from upland basins and deposited in downstream fill terraces, lakes, or sedimentary basins record both a paleo-upland erosion rate and a burial duration since deposition (Granger et al., 1997; Granger and Muzikar, 2001) . As a result, inversion of measured TCN concentrations into a burial date requires the measurement of two cosmogenic nuclides to solve for those two unknowns. Importantly, at least one nuclide measured must be a radionuclide to determine burial duration and, therefore, deposition timing. For this study, we used two cosmogenic radionuclides, Be abundances in buried sediment combines Equations 1, 2, and 3 (adapting the notation of Balco and Rovey, 2008) : Be ratios in one sample to directly solve Equations 5 and 6 for the two unknowns, paleo-erosion rate, e, and burial duration, t b , as conventional burial dating.
The "isochron approach" (Balco and Rovey, 2008) Be ratios in a suite of samples in order to untangle paleo-erosion rate, burial duration, and postburial production in a deposit of interest. This isochron approach is well suited to dating the PliocenePleistocene late-stage basin fill of southeastern Arizona. For the first application of this method, Balco and Rovey (2008) used TCN concentration depth profiles within buried paleosols to date a sequence of tills in the midwestern United States. The power of their technique is that it determined a burial date by extracting an isochron from a population of sediment samples in paleosols that experienced a period of stability unique to each sediment package.
Each sample has a unique inheritance history, depending on the erosional path followed by the sample, and this history will define the spread of the isochron, in addition to preserving a range of paleo-erosion rates at the time of deposition. Since all samples for a given stratum are from the same layer, they must have experienced the same burial duration. The decay of radionuclides determines how far the slope of the isochron has decreased from the original production ratio of the two measured isotopes (Fig. 4) . Postburial TCN production is likely for strata in a sedimentary basin. The magnitude of this production is determined from the intercept of the isochron with the axis of the fastest-produced nuclide, and it must be taken into account, or the burial date will be significantly underestimated. Balco and Rovey (2008) assumed that TCN production during erosion is by spallation only, and upland erosion is rapid enough that radioactive decay can be ignored:
For the sake of clarity, the second term in the right-hand side of Equations 5 and 6 is replaced by N 10,pb and N 26,pb , respectively, accounting for postburial production. Solving Equation 7 for Λ ρε and substituting into Equation 8 yields: Al space was dubbed R M by Balco and Rovey (2008) , and burial duration can be determined by comparing R M to R i , the initial production ratio of the nuclides, as follows:
We used Equation 10 to date suites of cobbles from basin-fill strata or Gila River fill terraces, as outlined in the following section.
Isochron Burial Dates
An isochron approach to dating fluvial cobbles requires samples from one stratum of an alluvial deposit that share different exposure/ erosion histories but a common burial history (Balco and Rovey, 2008) . The method was first articulated by Balco and Rovey (2008) , and later applied by Darling et al. (2012) on fluvial terraces of the Colorado River and its tributaries, and by Erlanger et al. (2012) in South Africa. We adapted these studies' methods to sedimentary basin-fill deposits in Gila River terraces in southeastern Arizona.
Our routine for determining an isochron burial date for each suite of cobbles is as follows (adapting the "complete algorithm" of Balco and Rovey, 2008) :
(1) Fit a regression line to measured 10 Be and 26 Al concentrations. The method for fitting data should take uncertainties in both nuclides into account; we used the fitting routine of York (1966) . The slope of this fit provides a first estimate of R M (Eq. 10). The y-intercept of this fit provides the magnitude of postburial production of 26 Al.
(2) Use Equation 1 (setting e to zero and solving for t) to determine an exposure duration that would produce a concentration of 26 Al equivalent to the y-intercept determined in step 1. Importantly, this does not give the duration of postburial production, it just allows us to determine an effective exposure duration to apply to postburial (12) Finally, use Equation 10 and R M from step 11 to calculate the isochron burial date.
Sample Collection and Preparation
We collected samples for detrital TCN analysis from drainage basins ranging from 2 to 37 km 2 , with the smallest basins nested within both Ash Creek and Grant Creek. The goal of the nested samples was to isolate the erosion rate signal of the low-relief surface in the basins' headwaters. We then sieved samples of river sand to extract the 250-1000 mm fraction. For Frye Mesa and Gila River terrace burial dates, sample collection depended on what approach to burial dating we planned to use. For samples where postburial production was inferred to be minimal, we used a conventional approach to burial dating (AZ49 and AZ50sand). If postburial production seemed significant, we used an isochron approach to burial dating (AZ29, AZ32, AZ51, and AZ52). We used road cuts on Frye Mesa to minimize recent re-exposure of sediment to TCN production. For the Gila River terraces, we sampled within a quarry and a recently excavated gully to minimize recent reexposure of the sediments. For the two highest-
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Figure 4. Summary of isochron approach to terrestrial cosmogenic nuclide (TCN) burial dating. Samples for a given stratum should ideally be individual quartz-rich cobbles that will have different initial TCN concentrations due to disparate exposure/erosion histories (A). The slope of a TCN ratio (
26 Al/ 10 Be for this paper) for unburied samples will be equal to the ratio of the production rate for the paired nuclides. When sediment is shielded from TCN production, one or both nuclides begin to decay according to their individual exponential decay constants; at least one TCN must be a radionuclide when determining a burial duration. The ratio of TCN changes as decay continues and production is fully or significantly shielded. As a result, the slope of the isochron decreases, and this new slope allows the calculation of a burial duration (B). If sediment is not fully shielded from TCN production, then some nuclides will accumulate during burial. This postburial production will increase the intercept of the isochron with the axis belonging to the nuclide with the higher production rate, 26 Al for this study's samples (C). elevation samples on Frye Mesa, observations in the field (no paleosol development and both sample sites located within largely unsorted debris flow-like strata) suggested that postburial production was likely low due to rapid sedimentation and consequent shielding, so we sampled sand that was then sieved to the 250-1000 mm target fraction. If there was significant postburial production at these sample sites, then our dates represent an underestimate of the deposits' true ages. We quantified the rest of the burial dates using the isochron approach, so we sampled 3-5 cobbles per site, which we then crushed and sieved to 250-1000 mm. For the boulders atop Frye Mesa, we collected several 100 g samples of quartz-rich material from the upper centimeter of each boulder using a hammer and chisel. We then crushed and sieved these samples to our target grain size and analyzed them for surface exposure ages.
We isolated quartz using standard methods (Kohl and Nishiizumi, 1992) Al through column chromatography (Ditchburn and Whitehead, 1994) , and nuclide ratios were measured by accelerator mass spectrometry (AMS) at the Purdue Rare Isotope Measurement (PRIME) Laboratory at Purdue University. Samples analyzed for 10 Be analysis were spiked with either a commercial 1000 ppm Be carrier or a carrier produced at Arizona State University (ASU) containing lower levels of background 10 Be. We measured native Al concentrations for each sample using a Thermo iCAP6300 inductively coupled plasma-optical emission spectrometer (ICP-OES) at Arizona State University's Goldwater Environmental Laboratory. Table 1 reports our analytical results.
RESULTS AND DISCUSSION
Upland Erosion Rates from the Pliocene to the Present
Quaternary Upland Erosion Rates versus Modern Topography
Despite their rugged appearance, the Pinaleño Mountains are not eroding as quickly as high-relief ranges in active tectonic settings (e.g., DiBiase et al., 2010) . Erosion rates in the Pinaleño Mountains range from 26 ± 2 m/m.y. to 62 ± 5 m/m.y. (Fig. 5) . The lowest rates are from the small catchments draining the lowrelief topography of Ash Creek's headwaters. No strong correlation exists between catchmentaveraged erosion rate and mean basin slope, local relief, or catchment-mean k sn (Fig. 6) . A similar range of mean basin slopes and k sn in the San Gabriel Mountains of California is characteristic of erosion rates that span three orders of magnitude, with catchment-averaged erosion rates ranging from tens to hundreds to thousands of meters per million years (DiBiase et al., 2010) . In the San Gabriel Mountains, this range of erosion rates and the associated range of topographic metrics that characterize the landscape are a function of an uplift gradient across the range. The lowest erosion rates in the San Gabriel Mountains are contained within a lowrelief portion of the range that may preserve a relict patch of the landscape that is un adjusted to faster erosion rates that exist below the bounding knick zones.
Our nested samples within the headwaters of Ash Creek and Grant Creek allow for a firstorder investigation regarding whether the lowrelief surface above 2700 m is a similar relict landscape preserved in the Pinaleño Mountains. In Ash Creek, our samples that capture sediment shed only from the low-relief portions of the catchment are twofold slower than the erosion rates from the outlet sample, which also captures the lower-elevation, steeper portions of Ash Creek (Figs. 5 and 7) . This difference in erosion rates may suggest a pulse of transient erosion that steepened channels and hillslopes (and accelerated erosion) below 2700 m, but which has not affected the highest elevations of the range. In contrast, there is no significant difference between erosion rates in the low-relief portions of Grant Creek versus the steeper, lower sections of the catchment, lending some support to the model of Pelletier et al. (2013) , which suggests that the transition to gentler, soil-mantled slopes at high elevations in the Pinaleño Mountains is a nonlinear function related to temperature and precipitation gradients with increasing elevation. To fully untangle this problem of what produced the contrasting morphologies above and below ~2700 m, a high-resolution quantification of soil production rates must be undertaken within both the lowrelief and high-relief portions of the Pinaleño Mountains (e.g., Heimsath et al., 2012; Larsen et al., 2014) , which is beyond the scope of this study. Transient steepening in the uplands in response to base-level fall on the Gila River does not appear to be important for the morphology of the range's bedrock core, since channels draining to the unintegrated Sulphur Springs Basin also display transient long profiles, and catchment-averaged erosion rates are comparably slow on both the north and south sides of the Pinaleño Mountains.
The twofold difference in erosion rates between headwater and outlet samples in Ash Creek requires an evaluation of the effect that patches of low relief above 2700 m may have on catchment-averaged erosion rates in the Pinaleño Mountains (cf. Binnie et al., 2006) . Our nested samples within Ash Creek that reveal the contrast in erosion rates also allow for a simple sensitivity analysis. Adapting the approach of Clapp et al. (2002, their Table 4) , we converted our catchment-averaged erosion rates for AZ40 (mixing both low-relief headwaters and steeper lower elevations) and AZ37 (100% within lowerrelief landscape above ~2700 m) into mass fluxes and solved for a 10 Be erosion-weighted average nuclide concentration for the landscape between AZ37 and AZ40. Using a density of 2.5 g/cm 3 to convert erosion rates to mass fluxes and then multiplying by basin or subbasin area, we find that 2.99 × 10 6 kg/yr is expected at AZ40, over the averaging time scale of cosmogenic nuclides. Following the same approach, the basin above AZ37 delivers 4.56 × 10 5 kg/yr to the broader Ash Creek basin, which is 15% of the total mass flux for the catchment. Multiplying the measured concentration for AZ37 by this percentage of total mass provides a 10 Be erosion-weighted average of 1.00 × 10 5 atoms/g for the headwater subbasin of Ash Creek. Subtracting this erosion-weighted average from the measured concentration at AZ40 (3.09 × 10 5 atoms/g) yields a 10 Be erosion-weighted average of 2.09 × 10 5 atoms/g for the rugged landscape between AZ37 and AZ40. Correcting for the fact that this lower portion of Ash Creek should be providing 85% of the total mass to AZ40, we infer that, on average, the steep landscape below AZ37 is contributing sediment with an average 10 Be concentration of ~2.46 × 10 5 atoms/g. This concentration suggests an erosion rate of 60-70 m/m.y. for the steep portion of Ash Creek, i.e., slightly higher than the rate inferred from mixed 10 Be concentrations for the whole catchment (AZ40), which incorporates sediment from the slowly eroding headwaters. Notably, this rate for the steep portion of Ash Creek is in agreement with the high end of catchmentaveraged erosion rates for the Pinaleño Mountains determined for Marijilda Canyon (AZ35). Of the steep catchments on the north side of the range (AZ35, AZ39, AZ40, AZ42), Ash Creek has the highest percentage of upper-elevation, low-relief landscape within its drainage basin, so we can infer that the effects of higher 10 Be concentration sediment delivered from lowrelief headwaters in Frye Creek and Marijilda Canyon will be minimal. Jacobson Canyon does not contain an appreciable amount of the upper-elevation, low-relief landscape within its boundaries. Application of the same approach outlined here to Grant Creek and its headwater tributaries on the south side of the range requires an un realisti cally low erosion rate of between 1 and 2 m/m.y. for the steep landscape between AZ53/AZ54 and AZ55. This unrealistically low . Mean value for all 500 m stream segments in the basin.
**Calculated using the online CRONUS calculator following the methods of Portenga and Bierman (2011) . We report the results from the time-dependent Lal/Stone production rate scaling scheme. † † Calculated using the online CRONUS calculator using a sample thickness of 1 cm, density of 2.5 g/cm 3
, and topographic shielding of 0.95. We report the results from the time-dependent Lal/Stone production rate scaling scheme.
rate is the result of very similar, moderate erosion rates for Post Creek, Upper Grant Creek, and Grant Creek, with the highest rates of ~35 m/m.y. for the headwater subbasins. A lower rate of 28 m/m.y. at the Grant Creek outlet is probably realistic for the whole basin (within error, all the erosion rates for Grant Creek and its tributaries are ~30 m/m.y.), but it does not work well with the assumptions of the Clapp et al. (2002) mixing model. These modern, millennial-scale erosion rates are averaged over the time period required to erode 1-2 m of material (Bierman and Steig, 1996) . The slowest erosion rates are averaging over a time period of 38,000-76,000 yr, and the fastest rates are averaging over 16,000-32,000 yr (this range is calculated by dividing the thickness of material eroded by a given erosion rate, and it gives an approximation for the averaging time for our TCN-derived catchment averaged rates). The averaging time for millennial-scale In either case, this means that erosion rates in the low-relief, upper elevations of the Pinaleño Mountains may be averaged across more than one glacial-interglacial period, while the majority of drainage basins (those eroding at >30 m/m.y.) are in equilibrium with an erosion rate developed largely since the LGM. Do these millennial-scale erosion rates allow us to distinguish whether the low-relief landscape above ~2700 m is a relict of pre-Basin and Range Disturbance tectonics and climate? As noted already, the topography is suggestive of transient response to rapid subsidence during the Basin and Range Disturbance (8-12 Ma, sensu stricto; Scarborough and Peirce, 1978), i.e., steep channels and hillslopes below knickpoints at ~2700 m, with gentler slopes and channels at higher elevations. Is this steepening of the landscape still propagating to higher elevations? We do not think there is enough of a contrast between low erosion rates at high elevations and high erosion rates in the rugged lower elevations to invoke ongoing, transient landscape response. It is possible that since the end of regional extensional tectonics (ca. 3-5 Ma), the climate has not been continuously wet enough to efficiently erode away the topographic signature of tectonics. In essence, the transient landscape response to Basin and Range extension has slowed considerably due to inefficient erosional processes throughout the drier Quaternary post-LGM interval. These results do not strongly support or refute the equilibrium hypothesis of Pelletier et al. (2013) . By extending our record of erosion rates back into the late Pliocene-early Pleistocene, we can clarify the dominant external forcing in setting upland erosion rates in the absence extensional tectonics.
Paleo-Erosion Rates from the Late Pliocene to Early Pleistocene
The basin-fill deposits of Frye Mesa provide a unique opportunity to investigate patterns in basin-averaged erosion rate from the Pliocene to the present. TCN abundances in basin fill (once corrected for decay since burial) should reflect upland erosion rates at the time of deposition. Frye Creek is currently eroding at 30 ± 3 m/m.y., and if we assume that the deposits of Frye Mesa are largely derived from Frye Creek basin, then we can compare modern erosion rates to the paleo-erosion rates derived from our burial dating. The oldest sediment that we sampled in Frye Mesa (AZ51; 3.5 ± 0.2 Ma) records paleo-erosion rates of 39, 27, 30, and 20 m/m.y. based on 10 Be abundances in cobbles (Fig. 8) . These rates agree with the modern erosion rate of Frye Creek, suggesting long-term stability in post-tectonic upland erosion rates. This stability in erosion rates is further supported by the paleo-erosion rates for samples AZ49 and AZ50sand of 48 m/m.y. and 43 m/m.y., respectively. These two samples represent the last stage of deposition before widespread dissection of Safford Basin.
However, the paleo-erosion rates recorded by the cobbles of AZ52 (1.7 ± 0.3 Ma) are an order of magnitude faster than nearly all the other paleo-and modern erosion rates for the coupled Frye Creek-Frye Mesa system; rates range from 98 m/m.y. to 244 m/m.y. for AZ52. This order of magnitude difference between paleoerosion rates from AZ52 and both our modern rates and rates inferred from other conventional and isochron burial dates could be reasonably explained in two ways: (1) They capture some change in the forcing of upland erosion rates between ca. 3.5 and 2 Ma, or (2) we sampled cobbles that were largely shielded from cosmogenic nuclide production prior to deposition. Sediment within Frye Mesa is undeformed, so high-magnitude subsidence is inferred to be absent at the time of deposition; in fact, there is evidence that the period between 3.5 and 2 Ma could have been a time of net sediment transport from the range front rather than deposition [see section on "Timing of Late-Stage BasinFill Deposition (Frye Mesa)"], so faster upland erosion could be linked to a wetter climate and an associated higher erosional efficiency (Whipple and Meade, 2006) . Indeed, Smith (1994) reported a wetter, less seasonal climate with higher total precipitation for southeastern Arizona from 3.5 to 2 Ma, so enhanced erosion related to a different precipitation regime is a possible explanation for the paleo-erosion rates recorded by AZ52. As mentioned already, erosion rates had returned to about ~50 m/m.y. by the time AZ49 and AZ50sand were deposited in the upper strata of Frye Mesa (burial dates for AZ49 and AZ50sand are indistinguishable from AZ52 within uncertainty), so this acceleration in upland erosion must have been short-lived. An alternative, and admittedly more conservative, explanation for apparently higher upland erosion rates recorded by nuclide abundances in AZ52 is that we happened to sample cobbles that were shielded from TCN production prior to deposition, either they were located within a terrace in the near range-front piedmont, or they were sourced from a moderately deep-seated mass-wasting event. This second alternative requires no short-term increase in the upland erosion rates for the Pinaleño Mountains over the last several million years.
Paleo-erosion rates from the Pinaleño Mountains are in agreement with other records of upland erosion rates from the Pliocene and Pleistocene across the region. In Aravaipa Creek basin to the southwest, two burial dates of 3 Ma late-stage basin fill also yielded a paleo-erosion rate of ~50 m/m.y. (Jungers, 2014) . In the Lower San Pedro Basin, just east of the Santa Catalina Mountains, a 10 Be concentration depth profile into a mid-Pleistocene piedmont yielded an inheritance, and thus a paleo-erosion rate, of 30 m/m.y. for an upland catchment draining the Santa Catalina range (Jungers, 2014 ). It appears that regional post-tectonic erosion rates are uniformly moderate throughout southeastern Arizona's Basin and Range Province.
Timing of Late-Stage Basin-Fill Deposition (Frye Mesa)
Burial dates from Frye Mesa record a period of deposition spanning ca. 3.5-2 Ma, with incision below the basin highstand surface occurring soon after 2 Ma. However, there is some complexity in the deposition history of the late-stage basin fill at Frye Mesa. Our sampling along the road leading to Frye Mesa's surface fortuitously captured a large (~30 m) cut-andfill event during the deposition of late-stage basin fill. A burial isochron for sample AZ52 at 1140 m yielded a burial date of 1.7 ± 0.3 Ma, while a burial isochron for AZ51, initially believed to be 30 m up section, yielded a burial date of 3.3 ± 0.2 Ma, requiring some discontinuity in the stratigraphy of Frye Mesa between the two sample sites (Figs. 8 and 9) . Unfortunately, the stratigraphy between AZ51 and AZ52 is obscured by colluvium, so we were unable to directly observe an erosional surface between the two sample sites. Nonetheless, we cautiously interpret this discontinuity as an incision event post-3.5 Ma, and deposition subsequently resumed sometime before ca. 2 Ma (Fig. 9) . The two uppermost samples in Frye Mesa yield conventional burial dates of 2.0 ± 0.2 and 1.8 ± 0.2 Ma at 1275 m and 1295 m, respectively, suggesting very rapid deposition of the last 100 m of basin fill at Frye Mesa before widespread basin incision post-2 Ma.
A potentially wetter climate from 3.5 to 2 Ma or interactions between piedmont and axial elements of a Pliocene Safford Basin may have initiated this cut-and-fill event. Paleoclimate proxies for the late Pliocene and early Pleistocene are scarce in southeastern Arizona, but paleoprecipitation may be inferred from paleosol carbonates in the St. David Formation of the Upper San Pedro Basin (Smith, 1994) . Smith inferred an onset of higher total annual precipitation delivered evenly throughout the year beginning at ca. 3.5 Ma and transitioning to a monsoonal climate by 2 Ma. It is possible that increased regional precipitation drove the incision event at 3.5 Ma, and deposition was occurring farther down system until renewed deposition near the range front at ca. 2 Ma. Incision related to higher total precipitation would require significant increase in stream power and a long-term shift from deposition to erosion and sediment transport near the range front between 3.5 and 2 Ma. An alternative explanation for a hiatus in late-stage basin-fill deposition near Frye Mesa from 3.5 to 2 Ma is the arrival, via drainage integration from the Clifton-Duncan Basin upstream, of an axial Gila River during this time period (see next section for Gila River terrace chronology). An axial Gila River post-3 Ma could have eroded laterally into the range-front piedmont and temporarily enhanced the transport of sediment down the fluvial system, bypassing deposition at the range front in the form of prograding fans. This explanation for the incision event between AZ51 and AZ52 requires no change in climate forcing, but rather an abrupt change in the axial boundary condition for Safford Basin after the first arrival of the Gila River.
Surface exposure dates of boulders from what appears to be a large landslide deposit at the highest elevations of Frye Mesa show that this uppermost sediment is from a much younger depositional event. Apparent exposure ages for these boulders are 110 ± 10 ka, 67 ± 6 ka, and 97 ± 9 yr (Table 1 ). This suite of surface exposure ages does not represent a statistically significant population of dates to conclusively quantify the age of this large landslide deposit. However, it is consistent with the potential for large mass-wasting events associated with midto-late Pleistocene seismicity (Pearthree, 1986) along the northeast edge of the Pinaleño Mountains range front.
Arrival of the Gila River in Safford Basin and Pliocene-Pleistocene Incision Rates
Two isochron burial dates and a Lava Creek B ash constrain the arrival of the ancestral Gila River in the Safford Basin and its subsequent incision. A burial isochron for the highest-elevation (1020 m) Gila terrace (AZ29) yielded a date of 2.8 ± 0.1 Ma, requiring the arrival of the Gila River pre-2.8 Ma and axial incision post-2.8 Ma. A burial isochron for the Gila River terrace (AZ32), upon which the Safford Municipal Airport is constructed, yielded a burial date of 1.5 ± 0.1 Ma, requiring that basin incision was well under way by that time (Fig. 10) .
Our burial dates for Frye Mesa sediment and Gila River gravels, in conjunction with an existing Lava Creek B ash in the lowest-elevation Gila River terrace (Houser and Pearthree, 2002) , allow the quantification of Pliocene-Pleistocene incision rates for Safford Basin. At Frye Mesa, the last stage of deposition ceased at ca. 2 Ma, and we infer that incision began soon after. The Be ratios lower than 6.75. AZ51 required correction for postburial production. AZ52 appears to not be affected by significant postburial production. Error bars are 1σ analytical uncertainty. current difference between Frye Mesa's surface and modern Frye Creek is ~100 m, requiring an average incision rate of 50 m/m.y. Across Safford Basin, at the Gila River terraces, the Gila River had incised from 1020 m to ~970 m between 2.8 and 1.3 Ma (AZ 29 to AZ32), an incision rate of 30 m/m.y., and to the lowestelevation terrace at 930 m by 640 ka, an incision rate of 61 m/m.y. Finally, the lowest-elevation Gila terrace is ~30 m above the modern Gila River, suggesting an incision rate of ~50 m/m.y. from the mid-Pleistocene to the present. The incision rates inferred from our results compare well, albeit slightly slower, with previously reported incision rates of 80 m/m.y. over the past 650 k.y. in the Duncan-Clifton Basin, just upstream from Safford Basin (Dethier, 2001) . It is compelling that these incision rates are similar to catchment-averaged erosion rates on the north side of the Pinaleño Mountains. In particular, those erosion rates could be averaging landscape response to base-level fall driven by late Pleistocene incision on the Gila River. This interpretation is, however, complicated by similar erosion rates in Grant Creek and Post Creek on the south side of the Pinaleño Mountains, which drain to the steady base level of Sulphur Springs Basin.
CONCLUSIONS
The Pinaleño Mountains are not currently eroding as quickly as might be predicted by the relationships between mean basin slope and local relief or normalized channel steepness defined in other, tectonically active settings (e.g., Ouimet et al., 2009; DiBiase et al., 2010) . In fact, erosion rates are on par with other decaying orogens such as the Appalachian Mountains of eastern North America (Matmon et al., 2003) . Two potential explanations exist for this problem of a slowly eroding landscape with such rugged topography. The first follows the reasoning of Pelletier et al. (2013) , where the nonlinear transition from a steep, high-relief landscape at lower elevations to a gentler, lower-relief, soil-mantled setting above ~2700 m is purely a function of the local temperature and precipitation gradient driven by the elevation difference between Safford Basin and the summit of the Pinaleño Mountains. This argument suggests that the Pinaleño Mountains may be well characterized by a uniform erosion rate, but the efficiency of that erosion is a function of vegetation biomass, which is in turn a function of available energy. In this context, the transition to lower slopes and relief at high elevations is a function of more efficiently diffusive processes related to denser vegetation under cooler and wetter conditions. Our results do not strongly support or refute the argument of Pelletier et al. (2013) . Erosion rates for the Pinaleño Mountains are indeed relatively uniform and low; however, our nested samples do suggest a twofold difference in erosion rates between the low-and high-relief portions of the range. Our nested samples are a good first step toward characterizing differences between erosion rates in these two process domains of the Pinaleño Mountains, but because the low-relief areas of the range only account for a proportionately small area of most drainage basins, catchment-averaged erosion rates should be supplemented by soil production rates in the future in order to resolve differences in erosion rates between the low-relief and high-relief portions of the Pinaleño Mountains. A second possible explanation for the disconnect between topography and measured erosion rates is that the topography is a relict of old forcing, and the modern erosion rates are equilibrated to the current, semiarid climate and the incision rates of the Gila River. In this scenario, rapid subsidence centered at ca. 8 Ma forced a transient steepening in the drainage basins of the Pinaleño Mountains and other, similar, mountain ranges in southeastern Arizona, and this adjustment stalled or slowed at ~2700 m for the Pinaleño Mountains. As tectonics waned, the climate from ca. 5 Ma to the present never drove erosional processes to be high enough to overprint the tectonic signature imprinted on the range. Paleo-erosion rates from burial dates of latestage sedimentary basin fill record maximum erosion rates of 100-250 m/m.y. prior to the final stages of basin filling, but paleo-erosion rates from the latest-stage fill of Frye Mesa suggest that upland erosion rates were already transitioning to 40-50 m/m.y. within the last several hundred thousand years of basin-fill deposition. Following the integration of the Gila River with the San Pedro River downstream from Safford Basin sometime after 2 Ma, regional incision rates have been relatively steady at 40-60 m/m.y. Incision on the Gila River appears to have played a dominant role in driving upland erosion rates on the north side of the Pinaleño Mountains from the Pliocene to the present, but similar erosion rates into the internally drained Sulphur Springs Basin on the south side of the range require the additional consideration of other external forcing mechanisms, such as the modern, relatively inefficient semiarid climate, and ongoing isostatic compensation as the Pinaleño Mountains continue to decay.
ACKNOWLEDGMENTS
This work was supported by the National Science Foundation (Geomorphology and Land Use Dynamics [GLD] , Global Change grant EAR-1124460) and an American Chemical Society Petroleum Research Fund grant to Heimsath, and a Geological Society of America student research grant to Jungers. We are grateful for the input from GSA Bulletin editors and detailed, constructive reviews from Greg Balco and one anonymous reviewer. We also thank Phil Pearthree, Joe Cook, Ann Youberg, and Mike Conway at the Arizona Geological Survey for helpful conversations about this work. 
